La ser tech nol ogy has been widely used in the field of la ser de tec tion [1] [2] [3] . Prac ti cal air-borne la ser and ra dar in spec tion tech nol ogy of nat u ral gas pipe line leak age was de vel oped [1] , which ver i fied the de ci sive ef fect of the sys tem's de tec tion sen si tiv ity. A lot of re searches on gas dis per sion were mostly fo cused on ex per i men tal and ac ci dent sim u la tion methods [4] [5] [6] . The re cent stud ies of Yan [7] con trib uted a lot to the ex per i ments of gas pipe line leak age. As the previous stated re searches show that it is nec es sary to firstly study ac ci dent mod els and nu mer ical sim u la tion, for nu mer i cally an a lyz ing all kinds of ac ci dents to avoid the haz ard and de crease the loss [8] [9] [10] [11] , such as leak ing, fire, and ex plo sion.
tab lished, and then nat u ral gas dis per sion dur ing pipe line leak age was nu mer i cally mod eled with four in flu enc ing pa ram e ters, which in clude leak age ap er ture, leak age ve loc ity, de tec tion dis tance and leak age time. Fi nally, the in flu ences of four pa ram e ters on la ser de tec tion of nat ural gas pipe line leak age were in ves ti gated.
Sim u la tion method

Gov ern ing equa tions
La ser de tec tion of nat u ral gas pipe line leak age is car ried out by us ing air borne la ser based on the se lec tive ab sorp tion char ac ter is tics of gas mol e cule. As shown in fig. 1 , when the la ser sweeps the gas leak age area, a part of the la ser en ergy is ab sorbed by gas, and then it is received by de tec tor af ter the ground re flec tion. Then the leak ing nat u ral gas con cen tra tion could be ob tained by cal cu lat ing re ceiv ing light in ten sity and de tect ing light in ten sity. As sumed that the sam pling area is in the range of 50 m on both sides of the pipe line, and wind less con dition is con sid ered, and the dis tance be tween airborne de tec tion de vice and leak age points is con stants. So the mod el ing area is 120×110 m (width × height). The di am e ter of pipe line is 700 mm, whose height from ground is 10 m. The leak ing nat u ral gas dis per sion can be regarded as free jet, and the fol low ing con ser vation equa tions are con sid ered in the so lu tion pro cess [12] [13] [14] . 
Sca lar con ser va tion:
where r de notes mix ture den sity, m -the com po nent of hy dro dy namic ve loc ity, P -the pres sure, u -the vis cos ity of the me dium, l -the sec ond co ef fi cient of vis cos ity, g i -the com po nent of grav i ta tional ac cel er a tion in the i-th di rec tion, f -stands for sca lar vari able i. e. gas con cen tration and tem per a ture, G -the diffusivity of sca lar f, and q f -the source or sink of sca lar f. A stan dard k-e model is used to rep re sent the ef fects of tur bu lent. The stan dard transport equa tion for tur bu lent ki netic en ergy k is given by: 
The trans port equa tion for tur bu lent ki netic en ergy dis si pa tion rate e is given by: 
where m t is the tur bu lent vis cos ity, C e1 and C e2 are con stants, and s k and s e are the tur bu lent Prandtl num bers for k and e, re spec tively. The tur bu lent vis cos ity is linked to the tur bu lent kinetic en ergy and dis si pa tion via the re la tion:
where the model con stants are given by C e1 = 1.44, C e2 = 1.92, s k = 1.0, s e = 1.3, and C m = 0.09.
Lam bert-Beer law is the main prin ci ple for ana lys ing the ab sorp tion of light en ergy by gas leak ing from nat u ral gas pipe line, which is given by:
and the equa tion also can be writ ten:
where A is the absorbance, T -the trans mit tance that is the ra tio of trans mit ted light and in ci dent light, I 1 /I 0 , b [cm] -the ab sorp tion layer thick ness, c -the ab sorp tion met ric mat ter con cen tration, which can gen er ally be mass con cen tra tion (g/100 ml) or mo lar con cen tra tion (mol/L), and k -the co ef fi cient of light ab sorp tion ra tion, 100 cm 2 gmol -1 or 10 3 cm 2 mol -1 .
How ever, nat u ral gas in the air en vi ron ment is not evenly dis trib uted in the pro cess of nat u ral gas pipe line leak age. So the in te gral form can be used for la ser trans mis sion loss cal cu lation, and its for mula is given by:
where c i is the nat u ral gas con cen tra tion in any seg ment of line, c i = 0.5(c i + c i + 1). When the la ser trans mits to the ground, a part of beam is re flected, and this part of the re flected en ergy is de tected by de tec tor, then the absorbance of nat u ral gas for the whole pro cess can be iden ti fied:
where r is the soil re flec tivity. The tem per a ture of nat u ral gas in the pipe line is 298.15 K. En vi ron men tal av er age tem per a ture is 288.15 K, and the en vi ron men tal pres sure, P 0 , is 1.013×10 5 Pa. Air den sity is 1.225 kgm -3 , and vis cos ity is 1.789×10 -5 Pa×s. The ra tio of spe cific heats is 1.3 kJ/(kgK). The accel er a tion of grav ity is 9.81 m 2 s -1 . Meth ane is the main com po nent of nat u ral gas, and nat u ral gas is given as meth ane in the pro cess of cal cu la tion. Soil does not ab sorb nat u ral gas and its reflec tivity is 0.4. Phys i cal pa ram e ters of meth ane are shown in tab. 1.
Method of so lu tion and val i da tion of nu mer i cal pro ce dure
The gov ern ing equa tions are de scribed by us ing the fi nite vol ume method, and the result ing equa tions are solved iteratively. Gam bit 2.3 mesh gen er a tor is em ployed to per form all foun da tion of geo met ric model and mesh gen er a tion. Then the com pu ta tional do main is di vided into uni form fi nite vol umes by us ing struc tured cells. A suit able grid den sity is reached by re peating com pu ta tions un til a sat is fac tory in de pend ent grid is found. In cal cu la tion, SIMPLE al go rithm is em ployed, and sec ond-or der up wind scheme and sec ond-or der cen tral dif fer enc ing scheme are used for con vec tive terms and dis per sion terms [15] , re spec tively. Com pu ta tions are car ried out by FLUENT 6.3, and the con ver gence cri te rion for the en ergy equa tion re sid u als is 10 -5 .
Re sults and dis cus sion
Ef fect of leak age ap er ture
For in ves ti gat ing the ef fect of leak age ap er ture on nat u ral gas con cen tra tion dis tri bution and la ser de tec tion, the con di tions of four kinds of leak age ap er tures as shown in tab. 2, are in ves ti gated when la ser de tec tion dis tance is 110 m.
Fig ure 2 il lus trates nat u ral gas concen tra tion dis tri bu tion with dif fer ent leak age ap er tures. As shown in fig. 2 , high con centra tion of nat u ral gas gath ers near the leak hole. With the leak age ap er ture of pipe line in creas ing, nat u ral gas con cen tra tion increases in the same height. When leak age aper ture is 100 mm, the value of nat u ral gas con cen tra tion reaches 0.11, which in di cates that leak age ap er ture has a great in flu ence on nat u ral gas dis per sion con cen tra tion. Fig ure 3 shows in ten sity of la ser detec tion with dif fer ent leak age ap er tures. As shown in the fig. 3 , la ser in ten sity of la ser de tec tion is strong in the ver ti cal di rec tion of leak hole with dif fer ent leak age ap er tures. The rea son is that nat u ral gas has an ob vi ous ab sorp tion of la ser in the ver ti cal di rec tion of leak hole. With the diffu sion range of nat u ral gas in creas ing, in ten sity of la ser de tec tion is de creas ing. Spec tral curves are sym met ric in the ver ti cal di rec tion of leak hole, and the min i mal spec tral val ues are 0.176, 0.148, 0.145, and 0.130, when leak age ap er tures are 50, 66, 82, and 100 mm, re spec tively. With the size of leak age ap er ture in creas ing, the de tection abil ity of la ser in ten sity is en hanc ing.
Ef fect of leak age ve loc ity and de tec tion dis tance
For in ves ti gat ing the ef fect of leak age veloc ity on nat u ral gas con cen tra tion dis tri bu tion and la ser de tec tion in the pipe line leak age, the con di tions of three kinds of leak age ve loc i ties as shown in tab. 3, are in ves ti gated when la ser detec tion dis tance is main tained at 80, 90, 100, and 110 m, re spec tively.
Fig ure 4 shows the dis tri bu tion of nat u ral gas con cen tra tion with dif fer ent leak age ve loc i ties. High con cen tra tion of nat u ral gas gath ers near the leak hole. Natu ral gas mixes with air in the pro cess of dis per sion, with the in crease of ver ti cal dis per sion dis tance, hor i zon tal dis per sion dis tance also in creases, but nat u ral gas con cen tra tion de creases. There is a high nat u ral gas con cen tra tion in the 0-30 m hor i zon tal distance, and dif fer ence of nat u ral gas con cen tra tion is large in dif fer ent heights. From fig. 4(c) , when the pipe line is leak ing at low speed (5 ms -1 ), the ki netic en ergy of nat u ral gas and air buoyancy con trol gas dis per sion is smaller, and nat u ral gas dis per sion ranges in the ver ti cal and hor izon tal di rec tions are ob vi ously lower, and gas dis per sion con cen tra tion is gen er ally small.
Fig ure 5 shows in ten sity of la ser de tec tion with dif fer ent leak age ve loc i ties. As shown in the fig. 5 , in ten sity of la ser de tec tion is strong in the ver ti cal di rec tion of leak hole un der dif - fer ent de tec tion dis tances. These re sults also show that nat u ral gas has an ob vi ous ab sorp tion of light in the ver ti cal di rec tion of leak hole. It can be con cluded from fig. 5 (a) that with de tec tion dis tance de creas ing, in ten sity of la ser de tec tion is de creas ing. When de tec tion dis tances are 80, 90, 100, and 110 m, the min i mal spec tral val ues are 0.200, 0.192, 0.183, and 0.176, re spec tively. As de tec tion dis tance in creases by 10%, spec tral value de creases by 3.72% in the ver ti cal di rection of leak hole. As can be seen in fig. 5(b) , when de tec tion dis tances are 80, 90, 100, and 110 m, the min i mal spec tral val ues are 0.212, 0.205, 0.198, and 0.193, re spec tively. As de tec tion dis tance in creases by 10%, spec tral value de creases by 2.74% in the ver ti cal di rec tion of leak hole. It can be seen from fig. 5 (c) that when de tec tion dis tances are 80, 90, 100, and 110 m, the min i mal spec tral val ues are 0.317, 0.316, 0.314, and 0.312, re spec tively. As de tec tion dis tance in creases by 10%, spec tral value de creases by 0.46% in the ver ti cal di rec tion of leak hole. By com par i son, de tec tion dis tance has a great ef fect in high-speed and me dium-speed leak age, and small ef fect in low-speed leak age.
Ef fect of leak age time
To in ves ti gate the ef fect of leak age time on nat u ral gas con cen tra tion dis tri bu tion and laser de tec tion in the pipe line leak age, the con di tions of three kinds of leak age ve loc i ties and dif ferent leak age time as shown in tab. 4, are in ves ti gated when la ser de tec tion dis tance is 110 m .   Fig ure 6 shows nat u ral gas con cen tra tion dis tri bu tion with dif fer ent leak age time. As shown in the fig. 6(a) , when the pipe line is leak ing at high speed, at the be gin ning of the gas leak age, nat u ral gas is a state of ex pan sion, and gas dis per sion does not reach the top of sim u lation space. Af ter 10 second, nat u ral gas dis per sion range reaches the top of sim u la tion space, and gas dis per sion con cen tra tion tends to sta ble state. From fig. 6(b) , when the pipe line is leaking at me dium speed, at t = 15 second, nat u ral gas dis per sion range reaches the up per of sim u lation space, and gas con cen tra tion is small. At t = 30 second, nat u ral gas dis per sion range keeps the shape of mush room cloud, and af ter 45 second, nat u ral gas dis per sion range and con cen tration be comes large, but they are all smaller than those in high speed leak age. From fig. 6 (c), when the pipe line is leak ing at low speed, at t = 30 second, nat u ral gas dis per sion range reaches the mid dle of sim u la tion space, and gas dis per sion con cen tra tion is very small. With leak age time in creas ing, nat u ral gas dis per sion range and con cen tra tion en large grad u ally. At any moment, nat u ral gas dis per sion con cen tra tion is larg est in the ver ti cal di rec tion of leak hole. Fig ure 7 shows la ser de tec tion with dif fer ent leak age time. In the fig. 7(a) , when the pipe line is leak ing at high speed, hor i zon tal dis tance is in 30 m away from leak hole, and in tensity of la ser de tec tion be gins to change. At t = 5 s, the spec tral value de creases rap idly. At t = 10, 15 , and 20 sec ond, the spec tral value de creases slowly. At four leak age time, the min i mum spectral value in the ver ti cal di rec tion of leak hole could be taken as 0.182, 0.176, 0.176, and 0.176, re spec tively. In fig. 7(b) , when the pipe line is leak ing at me dium speed, hor i zon tal dis tance is in 20 m away from leak hole, in ten sity of la ser de tec tion be gins to be strong and the spec tral value be gins to de crease. At t =15 and 30 sec ond, the min i mum spec tral value is 0.219 and 0.193, respec tively. At t = 45 and 60 sec ond, the spec tral val ues are sim i lar. In 6-20 m, the spec tral value at t = 45 sec ond is higher than that at t = 60 sec ond. In fig. 7(c) , when the pipe line is leaking at low speed, with hor i zon tal dis tance away from leak hole in creas ing, the spec tral value increases, which trends to 0.4. At t = 30 sec ond, hor i zon tal dis tance is in 10 m away from leak hole, in ten sity of la ser de tec tion be gins to b e sta ble, and the spec tral val ues is not change. At t = 60 sec ond, hor i zon tal dis tance is in 20 m away from leak hole, la ser de tec tion be gins to be sta ble. At t = 90 and 120 sec ond, hor i zon tal dis tance is in 30 m away from leak hole, in ten sity of la ser de tec tion be gins to be sta ble.
Con clu sions
· De tec tion dis tance has a great in flu ence on in ten sity of la ser de tec tion for nat u ral gas pipe line leak age. In ten sity of la ser de tec tion is stron gest in the ver ti cal di rec tion of leak hole, and the spec tral value is sym met ri cal. The higher de tec tion dis tance is, the lower spec tral value is. · For dif fer ent leak age speed, the range of de tec tion time af fected by leak age time is dif fer ent.
The smaller the leak age ve loc ity is, the larger the time range is. · For high-speed leak age, leak hole has a great in flu ence on in ten sity of la ser de tec tion. For dif fer ent leak age ap er ture, hor i zon tal dis tance away from leak hole in 20 m, the larger the leak age ap er ture is, the lower spec tral value is.
